Abstract: Optical plastics have been the priority area of research for material scientists worldwide, mainly, to find alternative materials to glass, a conceptual optical material in use over the years. There are numerous advantages of using plastics for optical applications, in particular for ophthalmic applications over glass. Recently, the researchers have been putting their efforts to develop novel plastic materials to meet requirements of ophthalmic industries. The present review compiles the recent developments in the area of optical plastics. The aim is to present the current state-of-the-art in the field, besides analyzing the various aspects of developing optical plastics. The review presents various possible approaches to achieve the desired properties e.g. high refractive index of the optical plastic materials.
Introduction
Amongst several optical properties, refractive index is one of the most important criteria for selection of materials suitable for application in optics. Conventionally, glass has been the most common material for making various types of optical instruments. Even for ophthalmic applications such as eyesight correction, glass has been in use over the years. Glass, being an inorganic, non-crystalline and brittle material is prone to scratches, which is not desirable for ophthalmic applications [1] . As a result, there has always been a quest for the development of alternate materials, which do not suffer from the above mentioned deficiencies exhibited by the glass materials.
One of the possible candidates for this purpose is plastic materials. Other than the essential properties like light transmission, transparency and refractive index, plastics are also known for their light weight. The direct consequence of their being lightweight would help obtain high-powered lenses, which is not possible with glass. The optical plastics would then be a preferred choice because the high-powered glass lenses (>3.0 D) would be much heavier especially for children [2] .
Researchers have been making dedicated efforts for quite some time and especially during the last two decades to develop different types of plastics that can be exploited, for optical applications. Since plastics (polymeric materials) are derived from the active monomers, in order to design the plastics of desired characteristics, it is of utmost importance that suitable monomers are developed. For this purpose, functional groups bearing the necessary atomic nuclei and atomic bonds responsible for polymerization besides contributing to the optical properties of plastics are the key requirements. Refractive 
Properties of materials for optical applications
The materials being used for optical applications are generally classified as organic and inorganic glass. Organic glass includes polymeric materials whose backbone chain is composed of carbon, hydrogen, oxygen, sulfur and nitrogen atoms [5] . Inorganic glass, which is also known as optical glass is composed of SiO 4 units as its building blocks.
Optical glass vis-a-vis polymeric materials (optical plastics)
Non-crystalline and glass like materials have conventionally been in use for optical applications. Usually, if the non-metal is sufficiently dense and homogeneous, it will have good optical properties [10, 11] . A combination of desirable optical properties, good thermal and mechanical characteristics, cost and ease of manufacturing are the main deciding factors for selection of suitable material for a given applications. From the readily available materials, inorganic glass has been the chosen material because (i) it is an inexpensive material and (ii) it has all the essential optical properties. Incidentally, inorganic glass is one of the oldest materials and it includes a broad class of solids with closely specified optical properties that can be useful for the control of light in different ranges of wavelengths e.g. ultraviolet, visible and infrared spectral regions [10, 11] .
Inorganic glass which is made up of crystalline or vitreous silica consists of rigidly adhered SiO 4 tetrahedral units. Due to the rigidity in their structure, glasses are optically homogeneous and they retain much of the basic electronic structure and transparency of the single crystal solids [10] [11] [12] . The various types of optical glasses available for the different optical applications are listed in Table- 
Optical Glass
All glass lenses are relatively dangerous because they easily break into small, sharp pieces. They can be toughened, but must be relatively thick to be safe. All glass lenses are probably harder to scratch than all plastic lenses (including the coated ones). However, there is neither any reliable data nor an accepted method of testing this aspect of a lens [10] .
Crown glass
Since their invention, until the middle of the 20 th Century, glass similar to "crown" was the only really practical material for spectacle lenses, although quartz, being harder to scratch, was once considered better. Crown glass has properties such as refractive index of 1.523, density of 2.54 -2.61 gm/cm -3 and an Abbe number of 60. Fused bifocal lenses usually have the main lens made from crown glass as the latter has a very hard surface and has the highest Abbé number. Moreover, the crown single vision lenses are relatively cheap, and can be surfaced to give low center thickness [10] .
Flint glass
In the development of optical glass, the term "flint" is used to denote glasses having a higher refractive index. The optical flint glass contains lead oxide as its characteristic ingredient. This has an index of 1.65-1.75, a density of 3.9 -4.76 gm.cm -3 and an Abbé number of 27-33. It is used for fused multifocal segments. Flint glass has better optical properties than crown glass but it has higher density besides being softer than crown glass [10] .
Organic glass materials (optical plastics)
A few polymeric materials (organic) possess qualities of glass and hence are attractive optical materials (referred also as organic glass). The terms such as optical plastics, optical polymers, organic glass etc. all mean the same and are being indiscriminately used in the literature [13] [14] [15] [16] . Polymers are much less dense than any optical glass and thus are lightweight. Moreover, unlike the inorganic glass, for optical plastics it is possible to maneuver the optical and mechanical properties to the desired level, and their replication process is much easier.
Optical plastics
The capability of modern molding technology to produce good surface quality has made it possible to manufacture different optical components for a wide variety of applications such as spectacle lenses, contact lenses, intraocular lenses, consumer products, instrumentation etc out of the suitable polymeric materials. The major types of polymers suitable for the optical applications are discussed here in the following text.
Polymethacrylates
Polymethacrylates include a number of materials such as polymethyl methacrylate (PMMA), polymethyl acrylate (PMA), and hydroxyethyl methacrylate (HEMA) and are the most commonly used polymers for optical applications. The structure of PMMA and HEMA are given in Table- PMMA has a refractive index of 1.49, a density of 1.19 -1.21g.cm -3 and an Abbé number of 58. PMMA is even more transparent than glass, which means PMMA optics can be made as thick as 13 inches and still be perfectly transparent. Nowadays it is a very rare material other than in hand and stand magnifiers, some aspheric lenticulars and the occasional non-prescription reading spectacles.
Diethylene Glycol bis (Allyl carbonate) (CR-39)
Diethylene Glycol bis (Allyl carbonate), was discovered during the 1940's by chemists from "Columbia Corporation", it was the 39 th resin discovered by them and hence its name the "Columbia Resins" # 39 or better known as CR-39. CR 39 is a liquid, which hardens by polymerization under the effect of heat and a catalyst. The presence of allyl groups (Fig.1) allows the polymer to form cross-links, thus, it falls under the category of thermoset resins [20, 21] . The structure of CR-39 is as follows: A refractive index of 1.49, density of 1.32, Abbe number of 58-59, high impact resistance, excellent transparency and multiple tinting and coating possibilities [21] are the main features responsible for making CR-39 the most preferred material for spectacle lenses.
In order to obtain equivalent properties to glass lenses, it is necessary to increase the center thickness, peripheral thickness and lens curvature making the lens as a whole quite thick, Therefore, lens-making resins with higher refractive index are required.
Polycarbonates (PC)
Polycarbonates (PC), discovered in 1955, have functional group (-O-(C=O)-O-) in long molecular chain (Fig. 2) because of which the name 'Polycarbonates' originated. The most common type of polycarbonate plastics is the one made from Bisphenol-A but numerous improvements have been brought about particularly for their use in the compact disc industry and for desired optical quality matching with other plastics [17, 22] . Excellent impact resistance, a high refractive index (n d =1.59), light in weight (density = 1.20 gm/cm 3 ), Abbe number (30), efficient protection against ultraviolet rays and high resistance to heat (softening point exceeding 140 0 C) make PCs suitable for wide applications including the ophthalmic ones. However, the low Abbe number and poor scratch resistance are some of the disadvantages of polycarbonates.
Cellulose plastics
Cellulose acetate butyrate (CAB) (Fig-3) has been widely used in the manufacture of optical products such as hard contact lenses due to their excellent clarity, good weatherability and high gas permeability.
Cellulose acetate (CA), cellulose propionate (CP) and cellulose acetate butyrate (CAB) are not generally used for corrective lenses, but are occasionally used for plano lenses.
High optical transparency, high moisture absorption and low dimensional stability characterize all the three derivatives of cellulose [18, 19] . 
Styrene acrylonitrile
Styrene acrylonitrile (SAN) is a transparent thermoplastic copolymer (Fig. 4) with varyng content (15% to 35%) of acrylonitrile (AN) depending on the applications. Increasing incorporation of acrylonitrile improves heat and chemical resistance, mechanical strength, scratch resistance and barrier properties but all of this comes at the expense of clarity and transparency. SAN is used in household goods such as packaging articles, lightings, covers for audio/video housing and medical devices, especially where transparency is required. The low thermal capabilities, low impact strength, high processing temperature and high water absorption limit the use of SAN.
Polystyrene
Polystyrene (PS) is a polymer (Fig. 5 ) made from the monomer styrene [24, 25] . It is a colorless, transparent and hard plastic with limited flexibility. It can be cast into molds with fine details.
Refractive index of polystyrene is 1.59 and its specific gravity is 1.06. It can be used for lens designs requiring thin cross sections. It is also used for designing plastic cutlery, CD and jewel cases [25] .
The poor solvent resistance and poor thermal stability limit the use of PS.
Fig. 5. Polystyrene polymer.
Polythiourethane Polythiourethanes (PTU) as shown in Fig. 6 , are prepared by treating sulphurcontaining compounds such as thiols or mercaptans with isocynates or isothiocyanates. Several methods are used to synthesize polythiourethanes. Chain polymerization, especially cationic ring-opening polymerization of cyclic urethane compounds provides polythiourethanes with highly organized structures. The polythiourethane base resins have high refractive index, low dispersion characteristics and some of them even have high Abbe number. Polythiourethanes have potential to be the preferred lens material because of their excellent impact resistance, heat resistance, scratch resistance, weatherability besides the desired optical properties of refractive index and transmittance.
At present, PTUs are being experimented for various uses such as lenses, prisms, optical fibers, optical filters, information recording medium and light emitting diode [26] [27] [28] [29] [30] [31] [32] [33] . Polysulphones have a high refractive index of 1.634 -1.675 and are desirable for many lens applications as they can be easily cast into thin lenses. Even though their high refractive index is an advantage, polysulphones suffer from disadvantage such as color, poor weatherability and high cost.
Essential properties for optical application

Optical characteristics
There are four basic optical characteristics such as refractive index, Abbe number, light transmission and light reflectance, which are most essential for the material to be used for optical applications. The optical characteristics of various optical plastics are shown in Table 4 .
Tab. 4. Refractive index of Polymers.
Polymer
Refractive index 
Refractive index
The refractive index is a measure of how much light is bent or refracted as it passes through a substance. It is defined by:
where n is the refractive index and i and r are the angle of incidence and refraction respectively.
The refractive index is also the ratio of the velocity of light in vacuum to the velocity of light in any medium.
The composition and structure of the material would affect the velocity of light passing through the material and hence the refractive index of a material becomes significant while selecting the material.
The refractive index is used to calculate the focusing power of lenses, and dispersive power of prism [36, 37] .
Abbe Number
The variation of refractive index with the wavelength of light causes the phenomenon of chromatic dispersion of white light upon refraction. Since the refractive index is higher for short wavelengths, refraction of visible light spreads from the red zone towards the blue zone of the spectrum. To characterize the dispersive power of the material, a quantity Abbe number is used with the following respective formulae [39] The Abbe number is inversely proportional to chromatic dispersion of the material. The Abbe number varies between 60 for the least chromatic and 30 for the most chromatic materials [44 -46] .
The value of refractive index depends on the wavelength of measurement, decreasing slowly with increasing wavelength. The refractive indices are measured at three standard wavelengths as denoted by n c (measured at 6563 Å); n f measured at 4861 Å and n d (measured at 5890 Å).
The Abbe number is important in certain specialized applications such as the design of achromatic lenses, which focus a range of wavelengths to the same spot.
Transmission of light
Materials having the ability to let the light pass through completely are termed transparent materials, those which absorb a part of the light and let the remaining light pass through are termed translucent and materials which absorb all the light without letting it pass through are termed as opaque [35] .
As a general rule, a material with 85% of transmission of light is considered as transparent. The transparency is also termed as optical clarity and is dependent on the thickness of the sample used for assessment; it decreases with the increase in thickness. It may be noted that the optical clarity can only be achieved when the refractive index is constant through the material in the viewing direction.
Reflectance
Unlike transmission, reflectance does not change with the thickness of the material. At the same time as refraction, a phenomenon of light reflection also occurs at the surface of optical materials. Reflectance leads to reduce transparency due to undesirable reflections on the lens surfaces. This unwanted reflection can be completely eliminated by applying an efficient antireflection coating.
Factors affecting refractive index
Refractive index is an important parameter for selection of materials for optical applications and it can also be used to estimate many other optical properties of a material [40] .
As stated earlier, by its definition, refractive index is always greater than 1.0 because light slows down as a result of interaction with the atoms, from which the material is built, while in vacuum, there is no slowing down of light.
The refractive index is generally estimated in terms of molar refraction R, which quantifies the intrinsic refractive power of the structural units constituting the material as shown below:
Lorentz and Lorentz equation for molar refraction "R"
Gladstone and Dale equation for molar refraction "R"
Here n is the refractive index, V is the molar volume, R LL is molar refraction according to Lorentz and Lorentz and R GD is the molar refraction according to Gladstone and Dale.
Since, refractive index is dimensionless and both R LL and R GD have the same units as the molar volume (V). Both equations depend on two key parameters: Molar Volume (V) and Molar refraction (R).
The value of refractive index is a combined effect of two main factors: Molar volume and Density.
The value of refractive index increases with increasing refractive power of a material as quantified by the molar refraction "R". For two polymers having identical V, the polymer with a higher intrinsic refractive power will have a larger n [41] .
While predicting the refractive index of a material, it is important to consider both the intrinsic refractivity and density as the key physical factors determining the refractive index. For example, fluorinated polymers have very high densities but very low intrinsic refractivity and therefore very low refractive indices. The densities of many polymers containing aromatic rings [42] [43] [44] [45] [46] are not very high but they have large intrinsic refractivity and therefore high refractive indices.
Amorphous polytetrafluoroethylene has a density of 2.00 g /cc but a refractive index of only 1.350. Amorphous polystyrene has a density of only 1.05gms/cc and a refractive index of 1.59 [47] .
R LL and R GD have very little dependence on temperature and percent crystallinity while molar volume "V" changes significantly with changing temperature. Refractive index "n" decreases with increasing molar volume in asymptotic manner and approaches the absolute minimum value of 1.0 approaching its limiting absolute minimum value of for vacuum as molar volume approaches infinity.
Temperature is another parameter on which the refractive index is dependent. The temperature dependence of refractive index is similar for all polymers. A very simple and empirical rule of thumb is that refractive index decreases by about 1.10 x 10 -4 to 2.10 -4 K for transparent polymers with increase of temperature by 3.10 -4 to 5.10 -4 / degree K for isotropic amorphous polymers. Since refractive index can never become smaller than 1.0, the rate of decrease of refractive index with increasing temperature above glass transition temperature must eventually level off and asymptotically approach zero for refractive index to remain greater than 1.0 Molar refraction of a polymer can be predicted if both the refractive index and the density are known. The refractive indices of polymers can be predicted by using group contributions to estimate V and either R LL or R GD . Refractive index can be estimated in terms of V and either R LL or R GD .
Group contributions for R were developed from data on liquid organic compounds rather than polymers [48] [49] [50] [51] . This is because the intrinsic refractive power of a given structural unit is affected only very slightly whether it is located in a small molecule or in a polymer chain. Changes in the molar volume account for most of the difference between the refractive indices of liquid organic compounds and high polymers containing the same structural suits.
Classification of materials based on refractive index
Based on refractive index, materials for optical applications are generally classified [64] [65] [66] [67] as low, mid and high refractive index polymers.
Tab. 5. Classification of materials based on refractive index.
Grades
Range Materials For optical applications such as spectacle lenses, other than the refractive index, hardness and heat distortion properties are also to be considered. In the case of applications such as contact lenses and intraocular lenses, hydrophobicity, hydrophilicity, softness and biocompatibility are important.
Approaches to obtain high refractive index materials
To achieve the desired characteristics in a material, their designing have to be carried out. For obtaining high refractive index, element should have high mean polarizability and low molar volume, co-polymerization of monomers and homopolymers that have n > 1.6 can also lead to polymers having a high refractive index. To obtain polymers with high refractive index and Abbe number, polymers incorporating such characteristic structures as an aromatic group, a halogenated aromatic group [42] [43] [44] [45] [46] and an alicyclic condensed ring were synthesized, but refractive index and Abbe number values were improved moderately.
Polyacrylates that are composed of specific organic polymer chains and inorganic moieties showed remarkably high refractive index (due to polymer chain) and Abbe values (due to inorganic moiety). Based on molar refraction and molar dispersion, sulfur [53] [54] [55] and oxygen containing polymers would be expected to have higher refractive index and Abbe number values [48, 49] .
Refractive index can also be achieved through polarizabilities of the combined groups in a molecule [53] [54] [55] .
Contributions to the refractive indices are higher for carbon atoms than for hydrogen atoms. Since carbon atoms dominate the structure of most polymers, most common polymers have a refractive index near 1.50. Polymers with strongly electronegative substituents such as fluorine and oxygen will have lower refractive indices. Substituents having high polarizabilities over a large atomic area such as sulfur, phosphorous, bromine, chlorine and iodine tend to have higher refractive indices [50] . Bulky, conjugated aromatic substituents, particularly hetero-aromatic substituents, such as carbazole have high refractive indices. Carbazole based polymers [51] are reported to have good optical properties and are easy to process.
Polymethacrylates and polyacrylates are used commercially for many optical applications. A family of novel methacrylates, acrylates and dimethacrylates were synthesized by incorporating the carbazole moiety along with aromatic substituents. Polymerization of these materials provides for high refractive index materials [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] .
Increasing the polarizability of substituent groups can increase the refractive index of materials. It is well known that the refractive index of a polymer depends on the polarizability of the macromolecules; on the measurement of the movements of the electron cloud of the atoms forming the macromolecule [76] [77] [78] [79] .
On transition from one hydrocarbon polymer to another, the polarizability does not change and hence, the refractive index does not change much. It is well known that the refractive index of polymers is within the limits of 1.36 -1.70. Very few polymers have a refractive index close to 1.70 while most polymers have refractive index value close to 1.5. Higher refractive index can only be achieved by incorporation of groups with higher molar refraction in the hydrocarbon chain.
Optical materials with refractive indices not less than 1.68 may be obtained from polymers containing only C, H, O, N [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] . Further increase in index is achieved by:
• Co-polymerization of monomers having high refractive index.
• Introduction of atoms such as metal atoms having high ionic size and polarizability into the system. • Introduction of nano fillers into the system.
Co-polymerization of monomers
The refractive index of polymers depends on the refractive index of monomers constituting the polymers. Monomers have been suitably modified to obtain copolymers having a refractive index of 1.49 [92] [93] [94] [95] [96] [103] . These polymers are matching with the refractive index range of crown glasses and hence they have been the preferred alternate materials for optical applications.
Water, solvents and unreacted monomers left behind in the system of initiator, catalyst etc. affect the refractive index and hence, the optical plastic should be made free from such impurities.
Polystyrene having a refractive index of 1.59 when co-polymerized with monomers and homopolymers having a refractive index of >1.6, leads to the formation of polymers with higher refractive index. For example, refractive index of a co-polymer of styrene with vinyl carbazole is 1.669 [104] [105] [106] .
So far, the reported work shows that copolymerization can be successfully carried out by thermal polymerization technique. The notable examples of polymers with good refractive index values of 1.55-1.58, good strength, rigidity and weather resistance [109] are obtained this way.
The novel way to increase the refractive index of optical polymers is reported to be by the introduction of atoms having high atomic weight such as sulfur in the polymer structure [53] [54] [55] . Sulfur containing monomers are good candidates for producing high refractive index optical materials; ready polarizability of a sulfur produces a strong interaction between the material and incident light, resulting in high refractive index [55] . Sulfur containing polymers including polythiourethanes are therefore, nowadays, being developed as optical materials because of their high refractive index [26] [27] [28] [29] [30] [31] [32] [33] .
Aromatic structural elements contribute to increased refractive index and increased dispersion. Low dispersion is desirable, in order to minimize chromatic aberration of the polymer [42] [43] [44] [45] [46] .
Sulfur containing O-(meth) acrylate resins have been prepared [107] , mainly for eyeglasses and cameras by the dithioacetalization, thio-esterification or thiourethanization of a novel thiol compound followed by dehydrohalogenation. A sulfur-containing O-(meth) acrylate resin or a thio (meth) acrylate resin can be prepared by rapid polymerization by means of either UV rays or thermal methods and both. Thus, thio (meth) acrylate are used to provide an optical resin composition which has good handling properties and can be rapidly polymerized to give excellent optical properties, including a high refractive index and excellent impact resistance, as well as generating less unpleasant odor during processing.
Eyeglass lenses with high refractive index are prepared from a copolymer comprising of methacryl thioester, triethylpropane tris (2-mercapto propionate) and methacrylic acid ester. The lens obtained from the copolymer showed a refractive index 1.648, Abbe No.29 and density of 1.39 gm/cm 3 [66] . Optical lenses with high refractive indexes of 1.462 are prepared by the co-polymerization of mixture of benzene thiol (dimethacrylic thioester), di (meth) acrylic esters (eg. diethylene glycol diacrylate), thio (di mercaptoethyl) and aromatic vinyl compounds such as styrene.
Optical lenses with high refractive index of 1.654 are also prepared by the copolymerization of methacrylic thioesters (4,4'-thiobisbenzene thiol dimethacrylic thioester), pentacrylthritol tetrkis (thioglycol), thiodi (mercaptoethyl) and divinyl benzene [68] [69] [70] [71] [72] [73] [74] [75] [76] . Materials for eyeglass lenses with high refractive index are prepared by reaction of thiols with methacrylic acid to give resins having a refractive index of 1.61 and Abbe number 30 [108] .
A copolymer comprising 1,4-bis(2-mercaptoethylene methylene) benzene dimethacrylate, 1,4-bis(2-mercaptoethylene thiomethylene) benzene and α-methylstyrene were used for the production of high refractive index lenses. Schmitt et al. prepared highly transparent methacrylate copolymers for optical lenses by using methacrylic acid anhydride with sodium 1,2-ethanedithiolate. This was combined with diisocyanate, dithiol, methacrylate and the resulting viscous resins were polymerized to give a polymer having refractive index of 1.60, Abbe No. 37.2 and impact strength 3.85 KJ/m 2 [75] [76] [77] [78] [79] .
All these examples show that thiol based compound can be designed to achieve superior optical as well as mechanical properties of a material targeted for optical applications.
Introduction of atoms such as metal atoms having high ionic size and polarizability into the system
Polymer materials containing metal atoms have always been of special interest for optics [110] [111] [112] [113] [114] . Use of metals having high polarizablity and low ionic radius like barium, strontium, lead and lanthanum has resulted in materials having a refractive index of 1.62 -1.65 [115] [116] [117] .
Inorganic compounds such as metal nitrates, oxides and sulphides are treated with silicon and titanium containing finishing agents. Metals are also added directly into the unsaturated acid, which leads to the formation of transparent compounds with high refractive indices [114] [115] [116] .
Scientists of Shriram Institute for Industrial Research, Delhi, India have developed a novel technology for the dispersion of metal salts in acrylic acid to produce high refractive index polymers useful for optical applications.
Unsaturated acids and systems such as divinyl benzene have also been used to produce high refractive index plastics [114] . The value of refractive index also depends on the type of polymerization. Laser polymerization leads to a higher refractive index than polymerization by thermal methods [119] . Such changes in the refractive index are related to the difference in the chemical structure.
Reconfiguration of bonds leads to changes in the chemical structure. The other important development, which would perhaps become a preferred technique for polymerization, especially of high refractive index in future, pertains to the use of radiation for polymerization.
Introduction of nano filler
In recent years, nanoparticles have been used to make transparent nanocomposite structures having high refractive indices. Polymers containing inorganic particles in a range of 1 -100 nm do not scatter light and are potential materials for optical applications. Using nano particles, refractive indices over the entire range of 1 -3, which is the lowest and the highest possible refractive index in polymer matrices can be obtained [120] . Transparent polymeric materials can be coated with surface layers of UV absorbing nanoparticles to inhibit degradation of the polymer [121] .
The technological challenge in creating near transparent high refractive index, organic/inorganic nanocomposites lies in the creation of nanoparticles in the size of 20 -40 nm, to produce high refractive index nanoparticles. PbS, In P, GaP, Ge and Si particles in a gelatin matrix have been prepared in this way [122] .
Particles useful for nanocomposites are prepared by a variety of techniques ranging from mechanical attrition to colloidal processing. Mixing or spin coating or casting suspension of nanoparticles in appropriate organic solvents can then prepare nanocomposites. Reverse micelle technology has been used to prepare UV curable, transparent, acrylic resin and titania compositions by controlled hydrolysis of Titanium TetraButoxide (TTB).
Polythiourethanes as a novel material for optical applications
The polythiourethanes have a high refractive index, low dispersion of refractive index and they are light weight, colorless and transparent [26] [27] [28] [29] [30] [31] [32] [33] 80] . Aliphatic or alicyclic polyisoyanates have been used alongwith thiol compounds to prepare high refractive index optical plastics having a refractive index greater than 1.60. Alicyclic polyisocyanates, such as hexamethylene diisocyanate (Fig. 8) are reacted with compounds having two thiol groups, such as xylene dithiol to give high refractive index lenses having a refractive index of 1.62, Abbe no. 33, specific gravity of 1.31, good impact strength and processability [87] . Light-weight, high refractive index lenses have been obtained by copolymerization of aromatic isocyanates such as xylene diisocyanate and toluene diisocyanate. Aromatic isocyanates, on co-polymerization with thiols [88] and aromatic monomers, such as (vinyl benzyl thio)-1-propanol, are co-polymerized with xylene diisocyanate to give high refractive index polymers having a refractive index of 1.636, low dispersion and good impact strength [89] [90] [91] [92] .
Thiols having four -SH functional groups have been polymerized with polyisocyanate to prepare light weight, colorless and transparent optical materials [80] . High refractive index materials have also been prepared by the polymerization of glycerol derivatives and acryloyl derivatives, such as 1,2-bis (mercapto ethyl) trithioglycerin and 1,3-bis (methacryloyl) glycerin with xylene diisocyanate to give a refractive of 1.595, Abbe no. 38, and specific gravity of 1.33. The optical resins are characterized by good machinability and they are free from optical strain having a pencil hardness of 3H [94] . The reaction between an isocyanate and a compound containing active hydrogen is generally considered to take place by attack at the electrophillic carbon atom of the isocyanate group [123, 124] . The relative rates of reaction of different compounds with isocyanates thus depend on the nucleophilicity of the reactive centre in the attacking compound. The rate may be adjusted to a desired level by adding a known reaction catalyst useful in the manufacture of polyurethane. Polymerization conditions with thiols are optimized such that care is taken of the higher reaction rate of a polyisocyanate with thiols, and for this the initial temperature is kept at low temperature and is gradually increased to ensure a quality product. In the manufacture of polythiourethane lens, polymerization is usually required to be carried out for a short time in order to obtain strain free and stress free lenses. The casting of the plastics based on thiols involves quite a lot of effort. In addition, the surface of the polythiourethane lenses are too soft and can be scratched, therefore, it is necessary to apply a protective coat onto the surface of the polythiourethane lens [85] .
Polymers with high refractive index, low dispersion and good impact strength, useful for lenses, are prepared by radical polymerization of compounds such as mercaptostyrene with isocyanate compounds containing compounds to obtain polymers having a refractive index of 1.61 and specific gravity of 1.21 g/cm 3 [90 -94] .
Thiol derivatives of propane such as 1,2-bis(2-mercaptoethyl thio)-3-mercapto propane and a compound selected from hexamethylene diisocynate, trimethylhexane methylene diisocynate, α,α,α 1 ,α 1 ,tetramethyl xylenediisocynate, bis(2-mercapto ethyl) sulphide and 3,6-thio-octane-1,8-dimercaptan are polymerized to give lenses with good impact resistance, good optical properties, good dyeing abilities and transparency [95] .
A mixture of 2,5-dimercaptoethyl-1,4-dithian, pentaerythritol tetrakis (mercaptoacetate) and isophorone diisocynate have been used to prepare polythiourethanes having a refractive index of 1.61. Xylene diisocyanate and pentacrythritol tetrathioglycolate have been polymerized to give a lens having good moldability, heat resistance and thermal decomposition temperature 100 °C [98] .
The lenses with good heat and impact resistance consist of sulphur containing polyurethanes prepared from mercapto compounds and isocynates. 9,9'-bis(nhydroxy ethoxy phenyl) fluorene, mercaptopropionic acid and sulphuric acid in toluene have been used to give the corresponding ester, which was mixed with 1,6-hexamethylene diisocynate and cast molded to high refractive index polymers having a refractive index of 1.65, along with good heat and impact resistance [99] .
Polythiol oligomers having disulphide linkage are manufactured by reacting polythiol (with functionality of two or above) with sulfur in the presence of a basic catalyst, whereby the oligomers produced have a oligomerization degree of m (where m is an integer of 2 to 21). Specifically disclosed is a process for reacting 2,5-dimercaptomethyl-1,4-dithane (DMMD) with sulphuric acid in a molar ratio 2:1 or 3:2 in the presence of a catalyst, thereby producing an oligomer. Bulk polymerization of bis(4-mercapto ethyl-2,5-dithiacrylmethyl) disulphide with m-xylene diisocynate in a 50:50 ratio in a mold, gave colorless, transparent lenses with a refractive index of 1.680, Abbe number.33 and glass transition temperature of 87°C [100] . Polythiols have been blended with xylene diisocynate and bis(isocynatomethyl) norbornene and cured to give a lens having a refractive index of 1.65, Abbe number 34, specific gravity 1.35 and good heat, weather and impact resistance [101] .
Polymers have been obtained by reacting mixtures containing Polyvinyl derivatives, polyisocynates and polythiols. Thus 2,5-bis(2-thio-3-butenyl)-1,4-dithiane, tris (isocynatomethyl) cyclohexane and 2,5-bis(mercaptomethyl)-1,4-dithiane were polymerized in the presence of dimethyl tin dichloride and monobutoxy ethyl acid phosphate to give a plastic lens having refractive index 1.65, Abbe number 38, and good heat resistance [102] .
An optical resin compound having high refractive index comprises of the diisocyante and at least one polythiol compound. The resin compound can be polymerized to provide optical lens [103] .
High refractive index plastic resins have been manufactured by releasing lens precursors from lens molds before the monomers are polymerized completely. Thus, dicyclohexylmethane 4,4'-diisocynate, isophorone diisocynate, and 1,2-bis[(2-mercaptoethyl) thio]-3-mercapto propane are heated and released from the mold to form a lens precursor containing unreacted monomer. Further heating is done to give a lens free from unreacted monomer [125] .
High refractive index polythiourethanes, resistant to yellowness have been obtained by cast polymerization of polyisocynates and/or polyisothiocynates with polyols and/or polythiols in the presence of 1-hydroxy-4-p-toluidino anthraquinone .Thus, m-xylene diisocynate and 1,2-bis[(2-mercaptoethyl) thio}-3 mercapto propane were polymerized in a mold in the presence of a catalyst, a release agent, and UVabsorber to give transparent lenses showing no yellowness after heating at 130 °C for 4 hours [126, 127] .
Similar resins have been manufactured by polymerization of compounds comprising bis (2,3-epithiopropyl) disulphide, 4-mercaptoethyl-1,8-dimercapto-3,6-dithia octane, m-xylene diisocynate, N,N'-dimethylcyclohexyl amine to give a lens showing high refractive index, high Abbe number, impact resistance and dyeability [129] .
Polymerizable compositions have been used as a novel composition for the production of high refractive index resins. A mixture of xylene diisocyanate, pentacrythritol tetrakis (mercaptopropionate) and lithium thiocyanate were prepared, mixed and cured at 120 °C for 2 hours [129] .
Novel polythiourethanes have been obtained by the combination of ESTT with 4,4 methylene bis(phenyl isocyanate (MDI), Toluene 2,4-diisocyanate (TDI), isophorone diisocyanate (IPDI), m-xylene diisocyanate (HMDI) in the presence of a catalyst [128] [129] [130] [131] [132] .
Polyisothiocyanates also find applications in high refractive index plastics since they have been used as a comonomer in the production of polythiourethanes [133] .
Isothiocyanate derivatives prepared from norboranes when copolymerized with thiol derivatives have been found to be useful for the preparation of high refractive index resins.
Thiols such as bis(mercaptomethyl)-3,6,9-trithiaundecane-1,11 dithiol have been synthesized from bis(aminomethyl) norbornane and cast polymerized with tricyclothiaoctane diisocynate to give transparent optical materials with refractive index 1.665, Abbe number of 37, and heat resistance of 180 °C [134] . m-xylene diisocynates have also been used to give colourless transparent lenses with a refractive index of 1.66 [134] [135] [136] .
Molded sulphur -containing urethane resins are also manufactured by polymerizing polyisothiocynates with polyols, polythiols and hydroxythiol in the presence of mono and di esters of phosphoric acid. Polythiourethane obtained by reacting 2,5-dimercaptomethyl-1,4-dithane and polyisocyanate affords not just a high refractive index, but also improved weatherablity and heat resistance [138] .
Disulphides having 1-4 thiiranyl disulphide groups have also been used to produce high refractive index resins having a refractive index greater than 1.70 by copolymerization with isothiocyanates.
Polythiourethanes, having nano CdS particles dispersed in their matrix have also been obtained. Such polymers have improved photolytic properties due to modification of the surface using benzyl mercaptan [137] .
Conclusions
Following conclusions can be drawn from the present paper:
• Optical plastics have a very high commercial potential and in some of the niche areas of applications where lightweight materials are required, novel plastic bases need to be developed.
• Besides the various physico -chemical characteristics, the most important criteria for the selection of optical plastics for ophthalmic applications involve high refractive index and high Abbe number. The most challenging task is to achieve the desired refractive index while meeting the requirement of high Abbe number.
• Amongst the various candidates that can be useful as base materials for ophthalmic applications, polythiourethanes are the most promising ones.
• The possibility of modification of polymers by making nano composites by the incorporation of metal or metal salts is one area, which needs to be looked into.
• Modification of the existing and established base materials is another approach.
• In order to meet the requirements and rising demands, there is a need to develop products based on the locally available raw materials.
